was used for air supply. This configuration provided an O 2 transferred /O 2 supplied ratio 12 of 1.4% (the method used to calculate this ratio can be found in Rodriguez et al., 2012) . 13
Some design and operational parameters of the BTF are shown in Table 1 . Details of the 14 reactor construction can be found elsewhere (Tomás et al. 2009 ). 15 The identity of the oxidizing bacteria responsible of the hydrogen sulfide degradation in 16 the BTF was not studied. Since the studied system is a full scale plant, it is quite 17 difficult to justify a shutdown procedure just for biomass sampling purpose. Some 18 studies in the literature working at similar conditions as those tested in this study, (e.g. 19 Duan et al. (2006) ) determined that the dominant specie is Acidithiobacillus 20 thiooxidans. Also, in their review paper, Syed et al. (2006) reported as dominant 21 species, when operating at similar pH as in the present study and in aerobic conditions, 22
Thiobacillus ferrooxidans and Thiobacillus thiooxidans." 23

BTF background and troubleshooting 24 5
The BTF treated biogas flowrates between 1000 and 3000 m 3 biogas day -1 , which 1 corresponded with the total biogas produced at the facility. Biogas production 2 fluctuations were related to the environmental conditions and operational issues (e.g. 3 foam formation) of the anaerobic digesters. The composition of the biogas in the 4 anaerobic digestion facility of the WWTP of Manresa-Sant Joan de Vilatorrada is 5 approximately 69% methane, 29% CO 2 , 1% N 2 and variable concentrations of H 2 S 6 from 1500 to 3000 ppm v . 7
During the period 2007-2010 the BTF was operated at a biogas pressure of 0.1-0.5 bars. 8
However, in 2010 the biogas storage system was changed in order to optimize the 9 operation of the plant. The improvement consisted in storing the H 2 S laden biogas in 10 tanks 2 and 3 ( Figure 1 ) with a maximum working pressure of 2 bars. Since the 11 designed maximum pressure of the BTF is 0.6 bars, a pressure regulating valve was 12 installed at the inlet of the BTF to ensure a pressure ranging from 0.45-0.52 bar. The 13 biogas treated is stored in tank 1 at a maximum pressure of 0.5 bars prior to be burned 14 in either the boiler or the CHP plant. The burning device used depends on the heat 15 demands of the digesters. For instance, the CHP cannot produce the necessary heat for 16 the operation of the anaerobic digesters in winter due to the low biogas productions 17 (800-1200 m 3 day -1 ). In this scenario, burning the biogas in the boiler unit is necessary. 18
In consequence, less strict biogas sweetening requirements are needed. In 2010 the 19 control system of BTF was integrated into the Supervisory Control and Data 20 Acquisition (SCADA) of the WWTP, allowing a better monitoring of the system. 21 pH, percent volume of methane and pressure inside the BTF are controlled 22 automatically for optimal BTF operation. The pH set-point was set at 1.8, being this 23 value adjusted by means of the addition of make-up water (effluent from the WWTP 24 6 containing average values of 5 mg BOD 5 L -1 , 7 mg TKN L -1 and 7 mg P total L -1 ). The 1 water addition and/or purge system was also linked to the liquid level inside the BTF 2 through a three-level contactor. The leachate was sent at the inlet of the WWTP through 3 the plant sewage system 4
The percent volume of methane is an important safety variable in the system, since 5 methane is explosive in the range from 5-15% volume in air. A safety switch allowed 6 stopping the air supply system if the methane percentage was below 50%. 7
The pressure in the system was automatically controlled with a pressure regulating 8 valve. However, some operating problems such as clogging of the bed, pressure changes 9 upstream and downstream of the BTF or low biogas production can affect the pressure 10 inside the BTF. For this reason it was necessary to control the blower operation as a 11 function of the pressure in the BTF. If the BTF pressure is higher than 0.52 bar then the 12 blower is stopped to avoid high-pressures in the system. The blower is also stopped if 13 the BTF pressure is lower than 0.2 bar to avoid the possibility of creating explosive 14 mixtures within the bioreactor. However, it is worth noticing that the amount of air 15 supplied at the BTF was never controlled as a function of the oxygen requirements of 16 the process (biogas flowrate or H 2 S inlet concentration), which had an important impact 17 on reactor performance as further discussed in next sections. 18
BTF monitoring 19
The reactor monitoring included continuous measuring of the pressure inside the tank 20 . 13
The diluted inoculum was recirculated for 24 hours without make-up water addition nor 14 biogas feed. After this immobilization biomass period the biogas feed was started, 15 without make-up water addition, to avoid biomass loss in the liquid purge. Only when 16 the H 2 S removal efficiency was above 90% the pH control was activated. Results 17 reported herein correspond to an operational period starting on July 12, 2011. 18 Thereafter, the BTF was operated during 118 days with a pH of 2.6 and on November 8, 19 2011, the pH set-point was changed to 1.8 to assess the effects of reduced water make-20 up consumption. 21 Table 2 shows some average values of both operational periods at different pH. Some 22 important standard deviations were encountered in some variables such as biogas 23 flowrate or inlet and outlet H 2 S concentrations due to the inherent dynamic nature of 24 industrial sites which are subject to day to day operational changes. However, it has 1 been observed that when the BTF was subject to shutdown periods shorter than 15 Despite the highest H 2 S load was treated during the operation at pH 1.8, the highest 9 average elimination capacity was observed in this period. The H 2 S conversion to sulfate 10 is an indicator of the correct operation of the BTF. Since no thiosulfate and/or H 2 S were 11 detected in the liquid phase, the conversion % to sulfate allows calculating the amount 12 of elemental sulfur produced. The better RE results and conversion percentage to sulfate 13 during the second operational period was directly related to the higher DO 14 concentrations in this period. 15 During the operation at pH 2.6 the average water consumption was around 19. Overall, the reactor performed well in both operational periods. However, a significant 20 better performance was found at the lowest pH in terms of RE, EC, water consumption 21 and H 2 S conversion to sulfate. Interestingly, the sulfate concentration found at the 22 lowest pH was much higher than that reported by other authors to produce some 23 inhibition Jin et al. (2005) . They operated a BTF with polypropylene Pall rings treating 24 inlet H 2 S concentrations in a range from 0-190 ppm v either at pH 4-7 (RE was 95%) 1 and at pH 2-3 (RE was 87%). Authors found that the biological activity of 2 microorganisms was inhibited due to the low pH and high sulfate content (at pH = 2 the 3 sulfate content in the water was 1900 mg l -1 ). Also, other authors (Kim and
Operation with a conventional (blower) oxygen supply system 8
To understand the problems associated with dissolved oxygen limitation, the low-pH 9 operating period (November 8, 2011 to January 23, 2012) has been selected. Figure 2  10 shows the biogas flowrate treated, the elimination capacity (EC), the sulfate content in 11 the purge line and the removal efficiency (% RE). Biogas production variability (900 to 12 2700 m 3 day -1 ) in the WWTP is observed in Figure 2 , which corresponded to the usual 13 behavior of the anaerobic digesters due to the many factors that affect the production of 14 biogas (temperature stability and foaming among others). Since the sulfate content in 15 the make-up water was around 200 mg SO 4 2-l -1 , the sulfate content in the purge was 16 mostly due to H 2 S complete oxidation production, which correlated well with the 17 amount of biogas treated. 18
The lowest RE (63.73 %) was found on day 76 of operation (H 2 S concentration at the 19 outlet of 818 ppm v ) corresponding to an EC of 29.02 g H 2 S m -3 h -1 , which was related 20 with the decrease in the biogas production. Under this scenario, the control system that 21 prevents for a low methane percentage stopped the blower. Then, the process becomes 22 oxygen limited. The maximum punctual H 2 S ECs were found on days 45 . 4
The operation with the blower has shown to be poorly reliable and very sensitive to 5 pressure changes in the BTF. Despite the removal efficiencies obtained were acceptable, 6 the fluctuations observed in the air supply system suggests the possibility of 7 uncompleted H 2 S oxidation. 8
Elemental sulfur accumulation and washing out strategy 9
The elemental sulfur accumulation was calculated with a mass balance in the BTF. 10
Since sulfur might be found in different states, and in order to avoid possible errors in 11 the mass balance, the presence of thiosulfates and sulfites were evaluated in the liquid 12 phase. The presence of these anions in the liquid purge and/or recirculation line was 13 below the detection limit throughout the present study. The amount of hydrogen sulfide 14 that was not converted into sulfate was assumed to be elemental sulfur. Out of it, an 15 undetermined fraction accumulated in the packed bed of the BTF. 16 was assumed that the system was almost clogged. At this point the BTF was shut-down 10 in order to withdraw the accumulated solids from the packing material. However, an 11 unclogging strategy was tested according to Fortuny et al. (2010) . They tested the 12 oxidation of biologically produced elemental sulfur under neutrophilic conditions as a 13 wash out strategy based on the principle that the same microorganisms that degrade H 2 S 14 are capable of degrading the elemental sulfur into sulfate according to equation 3 15 (Kuenen 1975 In the present case, the wash out procedure was performed at acidic pH ( elemental sulfur has a hydrophilic behavior. This is a key factor for biological removal 5 since the microorganism needs adhesion at the sulfur surface to oxidize the elemental 6 sulfur to sulfate. 7
The total wash out of elemental sulfur was 40.3% by day 21 of the biological wash out 8 step, which is lower than 57% previously reported by Fortuny et al (2010) in the sixth 9 day of wash out. Probably this lower value was related to operational problems in the 10 equipment, as some parts of the BTF were frozen (severe winter conditions) during the 11 elemental sulfur oxidation test. 12
Modifications in the BTF to improve the oxygen transfer 13
As shown above, the BTF had a serious oxygen transfer limitation with the 14 conventional oxygen supply system. Thus, the objective of the modification was to 15 solve the mass transfer problems with the implementation of a jet-venturi device for 16 supplying the necessary oxygen for the complete hydrogen sulfide oxidation to sulfate. 17
However, implementation of a jet-venturi device in the water recirculation line of the 18 BTF implied to also install an additional pump due to the large water flow rate needed 19 to produce the Venturi effect in the jet-Venturi unit. Figure 4 (a) shows the conventional 20 system based on a blower connected to a perforated pipe in the sump of the BTF while 21
figure 4 (b) shows the new system based on the jet-venturi device. 22
The following modifications were made in the BTF to optimize the oxygen transfer 23 from the air to the water phase. First, an additional centrifugal water pump (Inbeat, 24 1 SK500E) was added to supply the driving force for air suction with the jet-venturi. 2 Also, a new flow meter (Georg Fischer, Type 335) and a jet-venturi of 2 " (Venturi 3
Pumps, type 484 water jet exhauster) were added. An O 2 gas sensor (Ortat, ExTox 0-4 25% KE) was installed in the outlet pipe which was the measuring device of a control 5 loop for controlling the amount of air supplied to the BTF. A programmable logic 6 controller (B&R Automation, model X20CP1483-1) was used to setup the control loop. 7
First, a simple on/off control strategy was established which turns the pump on or off 8 when the % volume of oxygen in the outlet pipe is below or above 2%, respectively. 9
This set point of 2% ensured that the biological process has the necessary amount of 10 oxygen and prevented and controlled the biogas dilution with excessive air as occurred 11 with the conventional air supply system. 12 Table 3 installed. It must be highlighted that the latter period corresponds to the first period of 16 operation with the improved aeration system after a short 4-days period of forced BTF 17 stop to perform the modifications. Thus, optimum performance was somehow not 18 encountered yet and results might be influenced by such bias. As shown in Table 3,  19 operating conditions such as pH and make-up water supply (and correspondingly the 20 hydraulic residence time) were maintained. 21
Interestingly, the air flow rate supplied with the jet-venturi was reduced by a factor of 5. 22
However, the RE and EC were maintained. Despite such lowest air flow, the DO 23 concentration increased due the best mass transfer efficiency when the jet-venturi was 24
The implementation of a jet-venturi device for oxygen supply at the biological process 1 is an important improvement through a better gas-liquid oxygen mass transfer. 
